what is known already: Chromosomal rearrangement carriers present with a certain proportion of unbalanced gametes, which can lead to miscarriages or malformations in the offspring. There is presently no known way to select the balanced spermatozoa and use them for IVF. study design, size, duration: The proportion of unbalanced spermatozoa after DGC was compared with that before DGC in 21 patients with a chromosomal rearrangement. At least 500 spermatozoa were analysed per observation.
Introduction
Chromosomal rearrangements have a higher prevalence among infertile patients than in the general population (Meschede et al., 1998) . However, most carriers display only slightly decreased or normal sperm counts and are fertile, explaining why a number of those rearrangements are discovered on the basis of recurrent pregnancy losses or after genetic testing of an affected fetus (Ravel et al., 2006) . Although presenting a normal phenotype and usually being fertile, those men still face the risk of passing on an unbalanced chromosomal content to their offspring.
In reciprocal chromosomal translocation carriers, meiosis can complete only if translocated chromosomes are able to pair correctly by forming a quadrivalent whose segregation leads to several different chromosome combinations in gametes. The only balanced segregation pattern is the alternate mode which comprises the transmission of either the two normal chromosomes or the two translocated ones. The remaining segregation modes (adjacent 1, adjacent 2, 3:1 and exceptionally 4:0) lead to chromosomally unbalanced spermatozoa and subsequent spontaneous abortions or chromosomal syndromes in the offspring (Fig. 1) . In Robertsonian translocations, chromosome pairing is achieved by the formation of a trivalent, the segregation of which produces either balanced or unbalanced gametes (adjacent or 3:0) leading to monosomies or trisomies in the offspring. Fertilization of the oocyte by an unbalanced spermatozoon can lead to several different outcomes: early abortion, development of an abnormal fetus or birth of a child presenting with dysmorphism or malformations. Such children have a high risk of developing mental retardation later on. The probability of fertilization by an unbalanced spermatozoon is related to their proportion in the semen of the affected subject.
The proportion of balanced spermatozoa is now easily estimated by fluorescent in situ hybridization (FISH) using appropriate DNA probes (Benet et al., 2005) . In Robertsonian translocations it is usually consistent at around 80%, but it is rather unpredictable in reciprocal translocations, ranging from 18.6 to 62.8% (Anton et al., 2004) . In chromosomal inversions, correct pairing of homologous chromosomes can occur after the formation of a chromosomal loop whose size determines the proportion of recombinants, i.e. the rates of chromosomally balanced and unbalanced gametes. Proportions of each class are therefore even more variable (Anton et al., 2005) .
During genetic counselling, affected but otherwise fertile couples are usually advised to conceive naturally and are then offered preimplantation genetic diagnosis (PGD) through chorionic villus sampling or amniocentesis during pregnancy. Finding an unbalanced karyotype on those samples will lead in most cases to pregnancy termination. This event can be recurrent, especially in patients with a high proportion of unbalanced gametes. PGD can also be offered to those couples but its practice is hampered by the need of ovarian stimulation and IVF, as well as its variable success in terms of pregnancy and take-home baby rates (Fischer et al., 2010) .
Discontinuous gradient centrifugation (DGC) is a widely used technique in assisted reproductive technologies (ART) centres for its ability to select spermatozoa according to their integrity and maturation stage (Centola et al., 1998) . The medium used is made of colloidal silica particles coated with polyvinylpyrrolidone (PVP). Immotile or poorly motile spermatozoa, as well as immature germ cells, leucocytes and soluble toxins including reactive oxygen species (ROS) are retained above, or in the upper layers of, the gradient (Henkel and Schill, 2003) . The selection of spermatozoa on the basis of their viability and morphology is still debated (Paasch et al., 2007) . Nevertheless, DGC is probably the most commonly used semen preparation technique before intrauterine insemination, IVF and ICSI/intracytoplasmic morphologically selected sperm injection procedures.
DGC has been shown to increase the proportion of spermatozoa with non-fragmented DNA (Larson et al., 1999) . Furthermore, other studies have shown that unbalanced spermatozoa are more likely to have fragmented DNA (Perrin et al., 2011; Rouen et al., 2013) . Therefore, we hypothesized that DGC may select spermatozoa with a balanced chromosomal content and that it could improve the proportion of chromosomally balanced spermatozoa in carriers of chromosomal rearrangements.
Materials and Methods

Population
We conducted a prospective study including 21 patients carrying a chromosomal rearrangement who were referred to our Medical Genetics or Reproductive Medicine centres. Nine patients (P1-P9) carried a Robertsonian translocation, 10 (P10 -P19) a reciprocal translocation, 1 (P20) a complex chromosomal rearrangement between three chromosomes and 1 (P21) a pericentric inversion (Table I) .
Seven patients initially consulted for primary infertility (P1, P2, P3, P4, P7, P9 and P10) and 12 consulted for spontaneous abortions (P5, P8, P11, P12, P13, P15, P16, P17, P18, P19, P20 and P21). For one patient (P14), the translocation was diagnosed after the birth of a child presenting with dysmorphism and mental retardation and carrying the paternal translocation in an unbalanced state. In patient P6, the translocation was fortuitously discovered during fetal chromosomal prenatal examination.
Each patient had a genetic consultation, with a thorough patient interview and informed consent was obtained.
Sperm preparation
Semen samples were obtained by masturbation after a 3 -5 day abstinence period. After liquefaction at 378C for 30 min, conventional semen analysis was performed (volume, pH, concentration, motility, vitality and morphology) according to the WHO (2010) semen analysis reference limits. The sample was then divided into two parts. The first one was centrifuged at 1000g for 15 min in phosphate buffered saline, and the pellet was fixed in acetic acid and methanol and spread on microscope slides. DGC (ISolate, Irvine Scientific, CA, USA) was performed on the second part, with a 15-min centrifugation at 1000g on a 45 -90% gradient using solutions supplied by the manufacturer. After disposal of the supernatant, the pellet was fixed and spread on microscope slides. Sperm preparation in chromosomal rearrangement men
FISH assay
A FISH assay was then performed on the slides prepared before and after DGC. For Robertsonian translocations, two subtelomeric probes were used and a centromeric probe for chromosome 18 was added in the probe mix to distinguish spermatozoa with a 3:0 segregation mode from diploid nuclei. For patients with a reciprocal translocation, two noncommercial subtelomeric probes, respectively, labelled by Spectrum Green and Spectrum Orange and one commercial centromeric probe labelled by Spectrum Aqua (Abbott molecular, IL, USA for all reagents) were used (Fig. 1) . For the patient carrying the complex translocation (P20), a combination of seven probes (data not shown) was used to distinguish between the different segregation modes. Finally, for the patient carrying an inversion (P21), only two probes located, respectively, in the subtelomeric regions of the short and long arms, and labelled, respectively, by Spectrum Green and Spectrum Orange, were used to discriminate normal spermatozoa from recombined ones. Non-commercial subtelomeric probes were prepared from bacterial artificial chromosomes using a rolling circle amplification technique. The spermatozoa were first left to incubate in 2 SSC NP40 (saline sodium citrate, nonyl phenoxypolyethoxylethanol) for 30 min. They were then dehydrated in ethanol (three successive washes: 70, 85 and 95%), denatured in 1 M sodium hydroxide and dehydrated again. The three probes were then left to hybridize on the slides at 738C for 2 min. Signal intensity was increased using a programmable hot plate (Slideboosterw, Beckman Coulter, FL, USA) at 378C for 24 h. The next day, the slides were washed at 738C for 30 s in 0.4 SSC NP40 and at 378C for 2 min in 2 SSC NP40 and then counterstained with 4 ′ ,6-diamidino-2-phenylindole. For each patient, the probes were first tested on metaphase chromosomes using classical cytogenetic and FISH techniques.
Microscopic observation
Slides were observed on an Olympus BX-UCB microscope equipped with specific filters and at least 500 spermatozoa were analysed for each patient before and after DGC. Spermatozoa were identified as carrying two signals of the same probe if the two fluorescent spots were: (i) of the same colour and of similar size and intensity, (ii) separated by a distance of at least one spot, (iii) not connected by a fluorescent bridge and (iv) of similar size and intensity compared with neighbouring germ cells.
The segregation mode was assessed for each spermatozoon examined in both slides for each patient: the FISH pattern of a spermatozoon carrying a normal or balanced translocated chromosomal content consisted of one blue spot, one red spot and one green spot. The FISH patterns of spermatozoa carrying unbalanced chromosomal contents varied from one translocation to the other according to the segregation mode and to the location of probes on the chromosomes. For the inversion carrier, normal nonrecombinant spermatozoa were identified as showing a green and a red spot. For the complex translocation, the combination of the seven probes allowed to distinguish between the different segregation modes (data not shown).
Statistical analysis
For each patient, the proportion of unbalanced spermatozoa and of subsequent subgroups without DGC was compared with that with DGC. The x 2 test was used for statistical analysis, and results with P , 0.05 were considered significant.
Results
Microscope slides with unselected spermatozoa were first analysed for each patient in order to evaluate the respective proportions of the different segregation modes. In Robertsonian translocations, the average proportion of unbalanced spermatozoa was 19.6%, with values ranging from 10.9 to 42.2%, while in reciprocal translocations, this proportion was 64.2%, ranging from 57.1 to 75.8%. In the complex three-chromosome rearrangement, the proportion of unbalanced spermatozoa was 88.6%, and in the pericentric inversion, the rate of recombinant spermatozoa was 2.1%. These results were then compared with those obtained from slides with spermatozoa after DGC in order to evaluate its effect on the respective proportions of balanced and unbalanced gametes. Results showed a significantly lower proportion of unbalanced spermatozoa for each patient but one after DGC (Table I Sperm preparation in chromosomal rearrangement men translocations 22.6%. For the complex translocation, the decrease was 21% and it was 38% for the pericentric inversion. On the whole, the global decrease after DGC in unbalanced spermatozoa from chromosomal rearrangement carriers was 30%. The effect of DGC on the different segregation modes was then studied. In the Robertsonian translocations, selection was more efficient on spermatozoa originating from the adjacent segregation mode than on those from the 3:0 mode (40 versus 17%, P , 0.001; Table II ). In the reciprocal translocations, spermatozoa from a 3:1 segregation mode were more efficiently eliminated than those from adjacent 2 (45 versus 29%, P , 0.001) and even more from adjacent 1 segregation modes (45 versus 0%, P , 0.001; Table III ).
Discussion
We first examined the proportion of unbalanced spermatozoa in every group. The results are in accordance with the data of the literature for each chromosomal rearrangement studied (Benet et al., 2005; Ogur et al., 2006; Pellestor et al., 2011; Pan et al., 2012) . Those studies showed that this proportion is extremely variable among reciprocal translocations carriers, and generally lower and more predictable in Robertsonian translocation carriers. In pericentric inversions, this proportion is roughly proportional to the size of the inverted segment.
Every type of ART is preceded by a sperm preparation procedure in order to eliminate immature germinal cells, leucocytes, seminal debris, as well as immotile and functionally incompetent spermatozoa (Henkel and Schill, 2003) . The least expensive and simplest of those methods is the swim-up technique, developed by Mahadevan and Baker (1984) . It is based on the movement of active spermatozoa from centrifuge pellet to the overlying medium where they are recovered. Although close contact of spermatozoa between each other and with other cells is thought to increase ROS secretion and DNA fragmentation, this technique is still widely used in IVF laboratories (Henkel and Schill, 2003) . Nonetheless, the most commonly used technique today is DGC, which is based on the centrifugation of spermatozoa through a medium of at least two different densities. While Ficoll was initially used (Harrison 1976) , most laboratories now use a medium of PVP-coated silica particles. As opposed to swim-up, DGC effectively retains leucocytes and ROS as well as immotile and/or dead spermatozoa (Henkel and Schill, 2003) .
Chromosomally unbalanced spermatozoa are more likely to have a fragmented DNA (Perrin et al., 2011; Rouen et al., 2013) . Since DGC has been shown to partially eliminate spermatozoa with fragmented DNA, we hypothesized that it could also lower the rate of chromosomally unbalanced spermatozoa. Although swim-up has no effect on the proportion of unbalanced spermatozoa in rearrangement carriers (Vozdova et al., 2012) , we showed that DGC effectively decreases the proportion of such unbalanced spermatozoa. Therefore, DGC is an effective way to partially eliminate unbalanced spermatozoa in those men, although the process by which it retains unbalanced spermatozoa remains to be elucidated.
Conformational changes in genome architecture could modify the physical behaviour of unbalanced spermatozoa during DGC compared with that of balanced ones. Indeed, chromosomes have a consistent and well-defined topography within the spermatic nucleus. As observed by confocal microscopy and FISH studies (Hazzouri et al., 2000) , centromeres of chromosomes are localized in the centre of the nucleus, forming a structure named the chromocenter, while the telomeric chromosomal extremities are close to the membrane. Furthermore, FISH analysis has revealed a non-random distribution of chromosomes, like the X and Y, within the nucleus (Hazzouri et al., 2000) . It is possible that an architectural change, such as a chromosomal rearrangement, especially if unbalanced, could alter the whole genome topography and consequently modify nuclear DNA condensation. By selecting cells according to their density, DGC could discriminate spermatozoa according to DNA condensation and, therefore, according to their balanced or unbalanced nuclear status.
Furthermore, looking at the effect of DGC on the different segregation modes, it appears that 3:1 spermatozoa are the most likely to be retained during DGC in reciprocal translocation carriers. These spermatozoa carry the largest chromosomal imbalance with either one or three out of the four chromosomes involved in the quadrivalent. Furthermore, DGC does not decrease the proportion of adjacent 1 spermatozoa in reciprocal translocation carriers. Those spermatozoa usually carry a less significant imbalance than adjacent 2 or 3:0 gametes. These results suggest that large chromosomal imbalances lead to dramatic changes in nuclear organization making these spermatozoa more likely to be retained during DGC. However, one should take into account the lower statistical power in comparing the segregation subgroups that in the first part of the study. This is related to an inferior number of spermatozoa, and could explain why some results are not significant.
The present study was conducted on a broad array of rearrangement carriers. Some of the subjects had abnormal semen parameters and were initially referred for infertility while others had a normal fertility and consulted for recurrent miscarriages in their partner or after the conception of an affected fetus or child. This population of fertile rearrangement carriers is the most likely to benefit from our results. Indeed, these patients are usually not directed to ART and are advised to conceive naturally until a chromosomally balanced pregnancy occurs. Couples can also be directed to PGD but this technique requires an IVF even though these couples are naturally fertile. Moreover, PGD is costly and includes an ovarian stimulation. We therefore suggest that those patients could now be advised to undergo intrauterine inseminations in order to benefit from the sperm preparation with DGC and its ability to decrease the proportion of unbalanced spermatozoa.
